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Aerial stem rot of potato (Solanum tuberosum L.), also referred to as bacterial stem rot, is most frequently caused by the pectolytic bacterium Pectobacterium carotovorum subsp. carotovorum (21) may also cause this disease (19, 22) . These pectolytic bacteria also cause soft rot of tubers and black leg symptoms of tubers and stems of potato (19) . Aerial stem rot is a soft rot of stems and petioles not originating directly from decaying seed pieces via belowground stems. Infections progress up or down the stem or petioles from an initial infection site but the decay is usually confined to the aboveground portion of the plant and rarely extends to the point of seed piece attachment. Symptoms first appear as a water-soaked lesion with a loss of tissue integrity that turns light brown or, infrequently, black. Potato foliage becomes infected with pectolytic bacteria through wounds such as petiole scars, hail, or wind damage. Bacteria invade intercellular spaces, where they multiply and produce pectolytic enzymes. These enzymes are responsible for the degradation of the plant by the destruction of the middle lamella, the pectic substance that holds the cells together. Under moist conditions produced by rain, overhead irrigation, and a dense plant canopy, decay is soft and slimy and may spread throughout the plant (19) . Under dry conditions, infected tissues become desiccated and shriveled. As in blackleg, stems infected with aerial stem rot often wither and die during the growing season and disappear from the foliage canopy. Infection can become systemic and both P. carotovorum subsp. carotovorum and P. atrosepticum can be involved in the early dying disease syndrome in potato fields in the Columbia Basin (5, 6, 19) . Symptoms of systemic infection are similar to those of Verticillium wilt and include wilting, progressive chlorosis and necrosis of the foliage, premature senescence, and vascular discoloration that may extend a short distance in potato stems (17) .
The pectolytic bacteria pathogenic to potato are commonly found on the surface of potato tubers, decaying seed pieces, and neighboring infected plants, and in soil and surface irrigation water and rain (4, 9, 20, 25) . Low background levels of P. carotovorum subsp. carotovorum are often present in soil, with relatively high levels observed immediately after the production of a susceptible crop such as potato, carrot, or onion (18) . Bacteria are spread by irrigation water, aerosols, and insects or originate on crop debris in soil or other plants. Lenticels on potato tubers are a particularly favorable niche in which the bacteria survive during harvest, storage, and replanting. Dense canopies, high nitrogen fertilization, warm anaerobic conditions, and long periods of leaf wetness favor the development of aerial stem rot. Initial symptoms appear in midseason, when the canopy is most dense. The disease is most severe in fields that are frequently irrigated with overhead sprinklers.
Traditionally, chemicals are not an effective method for control of bacterial plant pathogens and not previously shown to be an effective control measure for aerial stem rot of potato. However, previous studies using copper bactericides mixed with a dithiocarbamate fungicide were effective in suppressing the disease severity of Xanthomonas leaf blight caused by the bacterium Xanthomonas axonopodis pv. allii on onion when applications were initiated before disease development and applied repeatedly throughout the season (8) . The mixture of a dithiocarbamate fungicide famoxadone + cymoxanil (active ingredients in the fungicide Tanos; DuPont Crop Protection, Wilmington, DE) and mancozeb is widely used in the Columbia Basin of Washington state for the control of late blight and early blight on potato, caused by Phytophthora infestans (Mont.) de Bary and Alternaria solani (Ellis & G. Martin) L.R. Jones & Grout, respectively. Field observations suggest that the mixture may suppress aerial stem rot and, consequently, controlled experiments are needed to evaluate its potential to suppress the pectolytic plant-pathogenic bacteria on potato and, ultimately, aid in management of aerial stem rot.
The Columbia Basin of south-central Washington has a semiarid environment and is a major potato-producing region in North America, with over 57,000 ha of potato grown annually (16) . Potato crops are usually planted in March through April and harvested from August through October. Center-pivot systems are the primary method of irrigation and aerial stem rot is an annual production concern.
The primary purpose of this study was to determine initial disease symptoms and quantify disease development of aerial stem rot relative to crop growth stage in commercial potato fields in the Columbia Basin. Such information is expected to be beneficial in developing a management disease strategy and determining when potential disease management tactics should be applied. A secondary purpose was to evaluate applications of famoxadone plus mancozeb and mancozeb plus copper hydroxide for suppression of aerial stem rot. Previous crop and soil type appeared to affect disease incidence the first year of the study, and additional data were collected to determine their influence on disease development the remaining 3 years of the study. Exploratory logistic regression was used to identify relationships among cultural practices, meteorological and canopy conditions, and disease incidence, and analysis of variance was used to identify significant differences among specific practices and conditions. Location of circles (fields), cultivar grown, soil type, previous crop, and number of circles sampled for each of the 3 years are shown in Table 1 . Incidence of aerial stem rot was assessed at weekly intervals beginning at least a week before row closure in late May and continuing until approximately 8 weeks after row closure in early August of each year, when potato canopies began to open and infected stems began to dry and shrivel. Fields were additionally monitored 1 and 2 weeks later to ensure that disease incidence had not increased but disease values were not recorded if less than the previous reading. Assessments were made in 10 2-m row sections along randomly selected transects in each circle for each assessment date. Different transects were used on each assessment date. The number of infected stems in the 2-m row sections was determined. Distance between 2-m row sections was approximately 22 m. Area of all circles in this study was at least 51 ha.
Materials and Methods
In 2004, considerably more aerial stem rot occurred in four circles grown on a sandy loam and planted after sweet corn than in three potato fields grown on a silt loam and planted after winter wheat ( Table 2) . Because it was apparent that these two variables, previous crop and soil type, were involved, the study was expanded to determine the effects of each on incidence of aerial stem rot. In 2004, 2005, 2006 , and 2007, 1, 9, 10, and 18 additional circles, respectively, were assessed once to determine the effect of the previous crop and soil type on incidence of aerial stem rot. Time of assessment was 40 to 50 days after row closure, when disease incidences were at a peak, as determined in 2004. Location, cultivar, soil type, and previous crop are shown in Table 1 .
Chemical suppression. Copper hydroxide (Kocide 3000; DuPont Crop Protection), famoxadone + cymoxanil (Tanos) plus mancozeb (Manzate Pro-Stick 75% WDG formulation; DuPont Crop Protection), and mancozeb + copper hydroxide were evaluated in various combinations for suppression of aerial stem rot of potato in commercial potato circles irrigated with center-pivot systems south of Pasco, WA in 2004 through 2007. All applications were made through the center pivot system (chemigation) to a half-section of a circle. The other half-section of each circle each year was used as the nontreated control. Volume of water used to chemigate was 6.3 mm/ha. Rates each year were 1,680 g a.i./ha for mancozeb, 733 g a.i./ha for copper hydroxide, 140 g a.i./ha for famoxadone, and 140 g a.i./ha for cymoxanil.
In 2004, copper hydroxide was applied to two half-circle sections and mancozeb plus copper hydroxide was applied to another two half-circle sections. In total, four circles of cv. Russet Burbank were used. Two circles were near Plymouth, WA and two were near Paterson, WA. Sweet corn or winter wheat was the previous crop (Table 3) . Applications were initiated at row closure and continued at 7-to 9-day intervals for six applications. Each of the two chemical treatments was arranged in a randomized complete block design (paired with the control), with two replications and a nontreated control in 2004.
In 2005, famoxadone + cymoxanil plus mancozeb was applied at row closure and then 14 days later, and mancozeb plus copper hydroxide was applied at 20 and 26 days after row closure to four half-circle sections. The four chemical applications were made by chemigation. Cultivars were Russet Burbank in three circles and Umatilla Russet in one circle. In 2006, famoxadone + mancozeb was applied to four half-circle sections of Russet Burbank 5 days after row closure and then weekly for a total of four applications. Mancozeb + copper hydroxide was then applied a week after the fourth application. In 2007, copper hydroxide plus mancozeb was applied to three half-circle sections of Russet Burbank 5 days after row closure and then 2 and 4 weeks after the first application. The famoxadone + cymoxanil and mancozeb mixture was applied 1 and 3 weeks after the first application. Incidence of aerial stem rot was assessed approximately 40 to 50 days after row closure in mid-to late July of each year, when disease severity for aerial stem rot was considered to be at its highest for the growing season. Assessments were made in half-circle sections by counting the number of infected stems in 10 2-m row sections, with each row section spaced approximately 22 m apart. Soil type was a sandy loam and previous crop was sweet corn in circles where potential bacterial suppressants were evaluated.
Data analysis. Disease progress curves were graphed by plotting the number of infected stems on the y-axis and either day after row closure or day of the month on the x-axis. Area under the disease progress curve (AUDPC) values were calculated using number of infected stems per 20 m as disease incidence for each assessment up to the highest disease incidence (2).
Exploratory logistic regression. Logistic regression was used to explore the effects of meteorological and canopy conditions, soil type, and previous crop on disease incidence in fields with multiple assessments. Proportions of infected stems to total stems were determined for each transect based on a 86-cm spacing between rows and 25-cm spacing between plants and an average of 2.2 stems per Russet Burbank plant (13) and 2.0 stems per Umatilla Russet plant (24) . Logistic regression is a method for analyzing binary or binomial responses (14) and has previously been used in similar studies (15, 23) . The probability of success (infection) can be modeled as a function of both numerical and categorical variables, and the logit transform of the proportion of success is regressed at a particular combination of the predictors. The slope of each numerical predictor determines the rate of change in the log odds ratio of the binary response per unit change in the predictors. In the logistic regression model, the proportion of success, p, is calculated from the binary data, and logit transform {ln [p/(1 -p)]} is assumed to be a linear function of the predictors. A positive partial slope estimate indicates an increase in log odds ratio, or infection, per unit increase in the predictor variable.
Meteorological data were collected from Washington State University's Washington Agricultural Weather Network, also known as AgWeatherNet or PAWS. The AgWeatherNet is a system that provides weather data at up to 15-min intervals from over 130 public weather stations distributed throughout Washington State. The proportion of infected stems was modeled as a function of meteorological variables in fields with multiple assessments in an attempt to identify significant predictors of bacterial stem rot during the growing season. The number of fields with multiple assessments was six in 2004, eight in 2005, and four in 2006 and the total number of observations (n) was 90. Weather stations were selected based on their proximity to the fields surveyed. The following meteorological variables were selected to investigate their possible associations with incidence of bacterial stem rot in the Columbia Basin: daily average temperature, daily maximum and minimum temperatures, cumulative degree days, precipitation, and solar irradiation. These variables were investigated because high temperatures and moist conditions have been shown to promote the growth of pectolytic bacteria. Solar irradiance was included because it may influence bacterial growth directly (e.g., ultraviolet radiation) or indirectly (e.g., temperature). Meteorological data were collected as means of 24-h intervals for the period between the previous and current assessment. Meteorological data collected for the period between row closure and the first assessment were used for the first assessment. Cumulative degree days were calculated for each period using the single sine method (27) . In addition, mean daily relative humidity and mean daily average and maximum temperatures within the canopy were recorded for each period in three fields in 2004, eight fields in 2005, and three fields in 2006 (Table 1 ; n = 51) using Watchdog Model 450 data loggers (Spectrum Technologies, Inc., IL). Two binomial variables, soil type (sandy loam versus silt loam) and previous crop (sweet or field corn versus grass or winter wheat), were also included. a Chemical treatments were replicated only twice on each of the two soil types, and statistical differences between chemical treatments and the respective nontreated control were not detected.
Estimates of slopes, their corresponding P values, and odds ratio estimates of the individual predictors were obtained using the LO-GISTIC procedure in SAS (version 9.2.; SAS Institute, Inc., Cary, NC). The CORR and SGSCATTER procedures in SAS were used to detect possible correlation among predictors. Principle component analysis (PROC PRINCOMP in SAS) was performed to identify and reduce redundant predictor variables (11) prior to model selection using the eigenvalue-one criterion (12) . Eigenvalues correspond to the amount of variation explained by a particular component, with eigenvectors indicating the relative importance of individual predictors within a component. Components with eigenvalues greater than one were retained and the two predictor variables with the highest eigenvectors from each component were included in stepwise model selection. Scree plots of eigenvalues were also used to identify meaningful components (3). Influence diagnostics and outlying cases were identified using plots of deviance residuals and DFFITS (14) . PROC LOESS was used to plot Pearson residuals versus predicted probabilities and assess model validity (14) . The Hosmer and Lemeshow goodness-of-fit test was performed to assess model fit. Overdispersion, which occurs when the observed variance is greater than the expected variance, was reduced using the Williams method (14, 26) . Stepwise model selection was performed using PROC LOGISTIC in SAS (14) . Percent concordance, Somer's D, Gamma, Tau-a, and c were also used to determine the goodness-of-fit and predictive ability of the models (15, 23) .
Comparison of variables. Data for incidence of aerial stem rot in response to chemical treatment, prior crop, or soil type were analyzed by one-way and two-way analysis of variance using the PROC GLM procedure of SAS. Mean separation was performed using the Fisher's protected least significant difference test when the F test for the model was significant (P < 0.05).
Results
Disease development. Initial symptoms of aerial stem rot were observed 25 to 36 days after row closure in 78% of the monitored fields and 25 to 42 days in all monitored fields (Figs. 1 to 3 ). Disease incidence was relatively low in fields in which first symptoms were observed 42 days after row closure. Incidence of aerial stem rot increased rapidly for 2 to 3 weeks and then leveled off as plant canopies began to open. Stem lesions expanded rapidly to consume large proportions of stems over a few days. The rapid development of the disease corresponded with high daily temperatures, dense crop canopies, senescent leaves and flowers on the soil surface, and when crop water demands were high in mid-July and fields were frequently irrigated. The first occurrence of aerial stem rot was generally 5 to 10 days after the first occurrence of Sclerotinia stem rot caused by Sclerotinia sclerotiorum (Lib.) de Bary. Aerial stem rot was observed to quickly take over some lesions initially made by the Sclerotinia and late blight pathogens, when present. Additional lesions were not observed to develop after the crop canopy began to open up and expose soil.
Exploratory logistic regression. Soil type, previous crop, daily mean, maximum and minimum temperatures, cumulative degree days, and mean daily canopy temperature were significant (P ≤ 0.0130) as individual predictors using logistic regression. Daily mean solar irradiation, precipitation, canopy maximum temperature, and canopy relative humidity were not individually significant at P = 0.05 and removed from subsequent analyses. A few outliers were detected; however, no justification was found to discard these cases from the analysis and they likely represented the natural variability found in the fields.
Several significant correlations were found among the meteorological variables. Principle component analysis identified two components with eigenvalues greater than one (Table 4 ) and the scree plot also indicated that only the first two components were informative (data not shown). The first component was associated with temperature variables (mean daily temperature, mean maximum temperature, cumulative degree days, mean daily minimum temperature, and mean daily canopy temperature) and accounted for 61.1% of the total variance, while the second component was associated with cultural variables (soil type and previous crop) and accounted for 20.6% of the total variance. Mean daily temperature, mean daily maximum temperature, soil type, and previous crop were included in stepwise model selection based on eigenvector values (Table 4) .
Stepwise model selection found one significant (P < 0.05) numerical predictor (mean daily maximum temperature) and two significant categorical predictors (soil type and previous crop), resulting α j + βχ ijk , where µ is the intercept, τ is the slope associated with soil type, α is the slope associated with non-corn or corn, and β is the slope associated with mean daily maximum temperature leading up to the assessment. Pijk is the probability of infection with soil type i = 0 (silt loam) or 1 (sandy loam), previous crop j = 0 (other) or 1 (sweet or field corn), and mean daily maximum temperature k. When interaction effects of the three significant predictors were included in the model, they were not significant (P > 0.05); therefore, main effects were of primary importance. Mean daily maximum temperature was significantly (P < 0.05) correlated to the other two predictors using Pearson's correlation coefficient and, soil type and previous crop were highly correlated (P < 0.0001). The three significant predictors were combined into different models which are listed in Table 5 . Mean daily maximum temperature was the best single predictor of bacterial stem rot infection, followed by soil type and previous crop. Reduced models which included mean daily maximum temperature resulted in overall concordance values and goodness-of-fit characteristics similar to the full model. Comparison of variables. Significantly (P < 0.05) more aerial stem rot occurred in fields planted after either sweet or field corn than after winter wheat or grass seed in 2005; after winter wheat, grass seed, and onion in 2006; and after winter wheat in 2007 (Table 2). Incidence of aerial stem rot did not differ in potato fields when the previous crop was either field corn or sweet corn (P > 0.05) and disease incidence did not differ among potato cultivars (P > 0.05). Significantly (P < 0.05) more bacterial stem rot oc-
Chemical suppression. In 2004, there was a trend for the incidence of aerial stem rot to be lower in circle halves treated with mancozeb plus copper hydroxide than the nontreated control, whereas control with copper hydroxide alone appeared to be less promising (Table 3) . Therefore, copper hydroxide applied alone was not investigated in subsequent years. In 2005, 2006, and 2007, incidence of aerial stem rot was significantly less in the circle sections treated with combinations of famoxadone + cymoxanil plus mancozeb and mancozeb plus copper hydroxide then the nontreated control (Table 6) 
Discussion
The plant microclimate in potato fields is modified after closure between potato rows, with an increase in humidity, longer wet periods, reduced solar irradiation, and an increase in foliar debris on the soil surface. Pectolytic bacterial populations are likely to increase more rapidly within the crop canopy, on the soil surface, on leaf and blossom debris on the soil surface, and on senescent foliage in the lower portions of the canopy after row closure. In addition, mean daytime temperatures in July typically increase at this time of the season in the Columbia Basin and many growers increase the number of applications of sprinkler irrigation water. A combination of these factors would favor increases of the pectolytic bacterial populations in the crop canopy and account for the rapid increase of aerial stem rot beginning about 25 days after row closure. Wounds from lesions caused by S. sclerotiorum and P. infestans were sometimes observed as infection sites for the pectolytic bacteria. The leveling off of disease incidence corresponded with an opening and drying of potato stems as the canopy matured. Variation among potato fields was observed for disease incidence of aerial stem rot and AUDPC. Much of this variation could be attributed to previous crop and soil type. Significantly more aerial stem rot occurred in fields planted after either sweet or field corn than after winter wheat or grass seed. This may be the result of the pectolytic bacteria surviving in corn debris; therefore, sweet and field corn may play a significant role in the development of bacterial stem rot in the Columbia Basin. In addition, significantly more aerial stem rot occurred in potato planted on sandy loam than on silt loam soils. A sandy loam soil holds less water than silt loam and is irrigated more frequently. The increase in irrigation frequency likely favors the increase of pectolytic bacterial populations, as seen in this study as an increased incidence of aerial stem rot.
Logistic regression identified soil type, previous crop, and mean daily maximum temperature for the period leading up to the field surveys as significant predictors for aerial stem rot incidence. Solar irradiation and precipitation were not found to be significant predictors during stepwise selection. The presence of over dispersion suggested that at least one important variable was omitted from the model. Two potentially important variables, leaf wetness and supplemental irrigation (frequency and amount), may impact incidence of aerial stem rot and contribute to an improved model. Relative humidity and mean daily maximum temperature within the field canopy were not significant. The accurate determination of conditions within plant canopies can be difficult and expensive (1) and results suggest that meteorological data are just as useful in predicting aerial stem rot incidence.
The identification of three significant predictors (mean daily maximum temperature, sandy loam-type soil, and a previous crop of sweet or field corn) related to increased incidence of aerial stem rot in commercial potato fields provides new insights into the epidemiology of the disease in the Columbia Basin. More frequent irrigation on sandy loam-type soils compared with silt loam-type soils may promote leaf wetness and high relative humidity within the crop canopy. Bacteria probably survive in corn debris from the previous crop, increasing initial inoculum levels in the field for the next season. Daily high temperatures may increase the growth rate of bacteria and the water demand of the crop, resulting in more frequent irrigation and wet or humid conditions. The combination of relatively high temperatures and moist conditions may promote the growth of pectolytic bacteria within the crop canopy. Knowledge regarding the quantitative effects of temperature, soil type, and cropping history on the development of bacterial stem rot can be used to identify periods or fields at high risk of developing the disease, leading to more efficient and effective management strategies.
The incidence of aerial stem rot was significantly reduced in the circle sections treated with a sequence of famoxadone + cymoxanil plus mancozeb and mancozeb plus copper hydroxide. The number of applications of famoxadone + cymoxanil plus mancozeb varied among years in this study in an effort to determine the effectiveness of the combination in commercial potato fields. In 2007, mancozeb plus copper hydroxide alternated with famoxadone + cymoxanil plus mancozeb was used as a bactericide-and fungicide-resistant management strategy. The sequence of chemicals was effective in significantly reducing disease incidence in 2007 when disease pressure was highest as seen by the high disease incidence in nontreated controls. Timing of first application was shifted from row closure to 5 days after row closure as the experiments progressed over the years. This was done because the first disease symptoms were not observed until 25 to 36 days after row closure, and the chemical sequence application was expected to be more efficacious if applied closer to initial infection. An application of a disease management tactic may be most advantageous when timed during the potential build-up of bacteria in the canopy. We theorize that the chemical sequence reduced the build up of pectolytic bacteria in the crop canopy after row closure, subsequently reducing initial infections.
The famoxadone + cymoxanil plus mancozeb combination alternated with mancozeb plus copper hydroxide appeared to be an effective chemical tool in reducing or suppressing aerial stem rot in potato. When combined with irrigation water management that excludes excessive water, this study indicates that aerial stem rot can be adequately managed in the Columbia Basin. In contrast, repeated applications of copper hydroxide alone did not reduce disease incidence in 2004. This information, along with the knowledge that the famoxadone + cymoxanil mixture also has activity against the late blight and early blight pathogens, offers the utility of fitting into a management program targeting multiple diseases. Table 3 .
In 2006, famoxadone + mancozeb was applied 5 days after row closure, then weekly for a total of four applications, and then mancozeb + copper hydroxide was applied a week after the fourth application. Copper hydroxide plus mancozeb was applied to three half-circle sections of Russet Burbank 5 days after row closure and then 2 and 4 weeks after the first application. In 2007, copper hydroxide plus mancozeb was applied 5 days after row closure and then 2 and 4 weeks after the first application. A famoxadone + cymoxanil and mancozeb mixture was applied 1 and 3 weeks after the first application. Thus, a weekly alternating schedule of the two fungicide mixtures resulted. Prior crop for all circles was sweet corn.
